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The pressure effect on the structural change of upconversion host material NaY(WOQO,), was studied
by using in-situ synchrotron X-ray diffraction. A transition from the initial scheelite phase to the
M-fergusonite phase occurs near 10 GPa, and another phase transition is found near 27.5 GPa, which
could be an isostructural transition without symmetry change. The sample becomes amorphous when
the pressure is fully released from high pressure. This work demonstrates the possibility of synthesiz-
ing various polymorph structures for non-linear optical applications with a high pressure, chemical
doping, or strained thin-film nanostructure process. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4960104]

Photon upconversion is a nonlinear optical process
where two or more low-energy photons have been sequen-
tially absorbed by a material, and consequently, a high-
energy light emission occurs.! The crystal structure of the
parent materials hosting the light emission centers is very
important for their optical performance.>” Nanostructured
NaYF, has been used as a host for rare-earth-ion-lumines-
cence upconversion, and these rare-earth-ion-doped NaYF,
nanocrystals have promising applications in the fields of bio-
imaging, sensing, cancer therapy, energy transfer, and even
3D display.®"" The hexagonally structured NaYF, has better
upconversion efficiency than the cubic structure due to its
higher light absorption efficiency.” The ABO,-type oxide
materials are expected to have more advantages for high-
power laser materials due to their stable thermal conductiv-
ity,'> mechanical properties, light transparency, and easy
access to large crystals.'*™"> Lanthanide-doped CaWO, has
been studied widely for its bright light emission.>'®!’
However, the chemical valences of most lanthanide ions are
3+, and these lanthanide ions locate inside the material inter-
stitially, which limits the doping level and light emission
effect. To enhance the upconversion performance, it is a
good strategy to replace the Ca*" by both Na® and RE*"
(RE =rare-earth elements). Based on this idea, NaY(WO,),
(or Nag5YysWO,) and NaGd(WOQOy), have been used as the
host materials for solid-state laser materials,'?'>18-20
Unlike the structural instability of NaYF, induced by
lanthanide-doping, the crystal structures of NaY(WQ,), and
NaGd(WOQOy,), are both very stable because the doped lantha-
nide ions have a similar ionic radius and therefore their sub-
stitution does not affect the crystal structure. This allows the
NaY(WOQ,), and NaGd(WQ,), to be excellent host materials.
In addition, AWO,-type materials can be used as detector
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materials for o-ray and y-rays and even for searching for
dark matter or neutrinoless double beta decay.?'**

To tune the emission bands and/or achieve a much
higher upconversion effect potential in these kinds of materi-
als, it is important to find a method to control the crystal
structure of the host materials. Here, we employed high pres-
sure to study the structural evolution of NaY(WQ,), and
found that there are two phase transitions near 10 GPa and
27.5 GPa, respectively. This work reveals possible high pres-
sure polymorphic structures suitable for upconversion appli-
cation and rare-event searches by using direct high pressure
synthesis, chemical pressure introducing by smaller ion dop-
ing and strained structure-like epitaxial thin films.

A high-quality NaY(WOQ,), sample was synthesized by
a solid state reaction method and ground into fine powder for
this high pressure experiment. A compact sample was loaded
in a Mao-type symmetric diamond anvil cell with a diamond
culet of 300 um. Silicone oil was used as a pressure medium.
There are reports that the hydro-staticity of silicone oil is as
good as the 4:1 methanol:ethanol mixture at low pressures to
~20 GPa and behaves as well as argon above 30 GPa.?** A
stainless steel gasket was used, and a 100 um sample hole
was drilled with a laser drilling system. The pressure was
monitored by the R1-R2 line shift of Ruby. The in situ syn-
chrotron micro X-ray diffraction experiment was carried out
at room temperature on Beamline 12.2.2 at the Advanced
Light Source at the Lawrence Berkeley National Laboratory
and the incident X-ray wavelength was 0.4959 A. Further
details on the experiment are given Ref. 25.

The structural evolution of the NaY(WO,), sample
under high pressure was examined by X-ray diffraction and
the results are presented in Figure 1. The X-ray diffraction
pattern during the compression process is shown in Figure
1(a) while Figure 1(b) displays the decompression process. It
is clear that there is a structural phase transition near 10 GPa

Published by AIP Publishing.
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FIG. 1. The 2D x-ray diffraction mapping of NaY(WO,), at various pressures during compression and decompression, collected at room temperature. (a) The
compression process: a clear structural phase transition is found near 10 GPa, evidenced by the appearance of extra peaks, and another phase transition starts
near 27.5 GPa, indicated by an extra peak near 20 = 6° and peak broadening; (b) decompression process: the peak intensity decreases as pressure releases and

the sample becomes amorphous when the pressure is fully released.

during the compression process, where some extra peaks
appear. In addition, an extra peak is found near 20 = 6°, and
a shoulder peak appears near 20 =10° when the pressure
reaches above 27.5GPa. These changes suggest another
phase transition. Under ambient conditions, the sample crys-
tallizes in the scheelite-type tetragonal structure with a space
group of /4,/a, and the lattice parameters are a= 5.20479 A
and c=1127159A according to the Rietveld refinement.
These values are very similar to those of CaWO,.>° Upon
compression, all diffraction peaks of the tetragonal structure
shift to higher angles, indicating that both the @ and ¢ axes
become shorter under pressure. Some peaks shift faster than
others, which suggests that the compressibility of the a and ¢
axes differs from each other. Near 10 GPa, another phase
appears and can be assigned to a monoclinic structure with a
space group of I2/a, which is a typical M-fergusonite-type
phase. A similar transition sequence from the scheelite phase
to the M-fergusonite phase has also been observed in
CaWO,, SrtWO,, and YLiF,.>**’ The diffraction peaks of
the M-fergusonite-type phase shift to higher angles upon
compression. At higher pressure (above 27.5 GPa), the peaks
broaden and the intensity decreases as well. To some extent,
the third phase is mixed with the M-fergusonite phase at a
certain pressure range. As shown in Figure 1(b), during the
decompression process, the third phase is maintained for a
wide pressure range and does not go back to the M-ferguson-
ite-type phase. However, the intensity continuously declines
and the sample becomes amorphous when pressure is fully
released.

Figure 2(a) displays the Rietveld refinement of x-ray dif-
fraction patterns collected at three representative pressures.
At 5.3 GPa, the structure is still in the tetragonal phase,
marked as T, which is the stable phase in ambient conditions.
The peak position is well matched, and there is a relatively
big difference between the experimental data and calculated
data due to the higher contribution of some large grains. At
15.8 GPa, the structure already transfers to the M-ferguson-
ite-type monoclinic structure, marked as M1. Due to the
crack of big grains, the intensity difference between the
experimental data and calculation data becomes much
smaller than at 5.3 GPa. At 33.6 GPa, the M-fergusonite-type
is mixed with another monoclinic phase with the same space
group. The third phase is marked as M2 in the figure.

We tried to assign the third phase as the orthorhombic
structure with space group Cmca, proposed by Botella et al.
for the high pressure phase found in CaWO,.?* However, the
parameters provided in their work do not give a good refine-
ment, even if we completely free the main structure parame-
ters, because some extra peaks will appear at low diffraction
angle region between 20 =7° and 20 = 9°. In our experimen-
tal data, there is no extra peak in that region. The situation is
almost same when we assigned this high pressure phase to
the Wolframite-type phase.?*° Considering this character,
we assume that the symmetry may not change, but the lattice
parameter and atomic position do change. Then, we can get
a good refinement result with two monoclinic structures
(with the same symmetry /2/a) with different unit cell
parameters. Hence, we proposed that the second high pres-
sure polymorph of NaY(WQ,), is still in a monoclinic struc-
ture with space group /2/a. Here, we cannot exclude another
structural possibility due to the weak intensity and broad
peak of the second high pressure phase, and a further study
is required to examine the accurate structure. All the atomic
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FIG. 2. The Rietveld refinement of the X-ray powder diffraction pattern at
representative pressures and the atomic structure of three different phases.
(a) At 5.3 GPa, the sample has a tetragonal structure, space group /4,/a; at
15.8 GPa, it changes into a monoclinic structure with space group /2/a; at
33.6 GPa, an extra monoclinic phase appears with the same symmetry; (b—d)
atomic structure of unit cell of tetragonal phase (T), monoclinic phase 1
(M1), and monoclinic phase 2 (M2), respectively.



041907-3 Hong et al.

TABLE 1. Structural data of NaY(WQ,), obtained from the Rietveld refine-
ment of the x-ray powder diffraction pattern at representative pressures.

5.3GPa a b c

T (I4,/a) 5.162 (8) 5.162 (8) 11.032 (7)
Site X y z Occupancy

Na 4b 0 0.25 0.625 0.5

Y 4b 0 0.25 0.625 0.5

w 4a 0 0.25 0.125 1

0} 16f  0.2118 (6)  —0.1068 (1) —0.0076 (4) 1

15.8 GPa a b c Beta

MI1(2/a) 4.908 (1) 10.693 (4) 5.183 (7) 94.553 (9)
Site X y z Occupancy

Na 4e 0.25 0.6556 (9) 0 0.5

Y 4e 0.25 0.6556 (9) 0 0.5

w 4e 0.25 0.1321 (1) 0 1

0Ol 8f 0.4395 (7) 0.0474 (4) 0.1030 (9) 1

02 8f 0.5477(7) 0.2991 (0) 0.6878 (2) 1

33.6 GPa a b c Beta

M2(12/a) 5.929 (3) 8.161 (3) 5.417 (3) 79.391 (1)
Site X y z Occupancy

Na 4e 0.25 0.5389 (6) 0 0.5

Y 4e 0.25 0.5389 (6) 0 0.5

w 4e 0.25 0.1135 (6) 0 1

o1 8f  —0.0839(6) 0.1807 (5) —0.4452(9) 1

02 8f 0.9619(5) —0.2184(2) 0.5939(9) 1

structures of these three phases are demonstrated in Figures
2(b)-2(d), respectively. Meanwhile, the main structure
parameters based on Rietveld refinement results are listed in
Table I (shown at the end of this manuscript for review).

The detailed structural information at different pressures
is provided in Figure 3. The pressure dependent lattice
parameters are plotted in Figure 3(a). Consistent with the

Appl. Phys. Lett. 109, 041907 (2016)

discussion mentioned above, the lattice parameters of the T
phase decrease monotonously upon high pressure but they
show different compressibilities. The c/a ratio decreases
with pressure (not shown), suggesting that the longer ¢ axis
is more easily compressed than the short a axis. When the
pressure exceeds 10 GPa, the M1 phase appears and the pre-
vious ¢ axis in the T phase becomes a ¢ axis in the M1 phase
due to the symmetry change. All three lattice parameters in
the M1 phase show a monotonously declining trend with
pressure. The trend changes a little bit for the b axis when
the sample enters into the M2 phase, which shows a positive
dependence at first for a few pressure points and then
decreases with pressure. The pressure dependent volume
change is given in Figure 3(b) (red solid cubic: T phase; blue
solid circle: M1 phase; magma solid triangle: M2 phase; and
olive green open circle: mixed M1 and M2 phase). The vol-
umes become smaller and smaller with increasing pressure.
Unlike a previous study on CaWO,, we found a volume dis-
continuity near 10GPa, where the T-M1 phase transition
occurs.?® For the M1-M2 phase transition, no volume discon-
tinuity is observed. The pure M2 phase’s volume is a little
bit bigger than the pure M1 phase at the same pressure. It is
noticed that the real volume (per unit) of the sample contrib-
uted by both M1 and M2 phases does not change too much
above the M1-M2 phase transition pressure. This could be a
signature of an amorphous process in the high pressure
range. Pressure-driven volume anomaly has been observed
in amorphous selenium and the local topological fluctuations
during phase transition are proposed to be the origin of the
anomaly.®" There is also a similar pressure-driven volume
anomaly in amorphous silica and the network flexibility
hypothesis could explain this anomaly.*> We speculate that
the network flexibility at high pressure is responsible for the
observed volume anomaly and finally allows the occurrence
of amorphization. The disruption of some W-O bonds in M2
phase, as shown in Figure 2(d), already shows some signa-
tures of amorphization. This is very similar to the case of

a -H-3
@ 7 MI w2 o (€) 9sf
02 12+ ooc R .o
~ TR een T 96+ PO Y B R 1Y
cooes .
o 5] LA
g b, g »
s 8t AMA AL X 92k 2
g, ooy T
8 6t A MM A g 80 e
k= SRRk eec &b “m o Ml A
p=1 - L S
3 4',- 79@9@7%@%“ 4 bMZ ” A M2 4 FIG. 3. The pressure dependent struc-
el A 78, . ) ) . ‘ ‘ tural parameters obtained from the
0 5 10 15 20 25 30 35 40 10 15 20 25 30 35 40 Rietveld refinement of the X-ray pow-
der diffraction patterns. (a) The lattice
Pressure (GPa p
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300 5. evolution of monoclinic structure from
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pressure-induced amorphous Ta;0s, in which the disruption
of some weak-bonds initiates the amorphization.>® Further
work is required to determine an accurate crystal structure
and clarify the volume anomaly. Figure 3(c) shows the beta
angle of two monoclinic phases. The beta angle of the M1
phase is larger than 90°, and the beta angle of the M2 phase
is smaller than 90°, but both of them show positive pressure
dependence. The beta angle trend of the M1 phase is highly
similar to the calculated result on the high pressure structure
of CaWO,.%® The ratio of these two monoclinic phases is dis-
played in Figure 3(d). The ratio of the M2 phase increases
sharply below 35 GPa and there is still a small portion of the
M1 phase near 40 GPa, above which it is supposed to be a
pure M2 phase and then the sample could enter into an amor-
phous state.

The M-fergusonite-type monoclinic (M1 phase) tung-
states are found to exist in ambient conditions, such as
HgWO, and KY(WO4)2.34_38 In lanthanide-doped mono-
clinic KY(WO,),, highly efficient pulse laser operation has
been achieved with a diode-pump.®’>® This precludes the
possibility to continuously tune the crystal structure of
NaY(WO,), by chemical doping via the introduction of dif-
ferent amounts of K or Hg at ambient conditions, which
could boost the exploration of host materials for highly effi-
cient upconversion and solid state lasers. In our study, even
without K or Hg doping, the structure of NaY(WO,), can
still be tuned continuously by external pressure, which pro-
vides another efficient way to do the same work. Amorphous
materials have also been used as the host materials for
upconversion and solid state lasers, such as amorphous sili-
con, Al,O3, and Y203.40_43 It is known that local crystal field
affects the upconversion efficiency and it is very important
to understand its effect on the luminescent properties. One
solution is to synthesize both the bulk and amorphous host
materials and make a comparative study. In some cases, the
amorphous host materials perform better than the crystalline
bulk materials, which make amorphous host materials more
promising in some areas.**"** Taking Y,Os, for example, the
pulsed laser induces an amorphous surface layer on the Y,0;
nanocrystals and a strong blue light emission is observed
when it is pumped by a 976 nm diode laser, which is ten
times stronger than that of pure crystalline Y,05.*" Here, the
amorphous NaY(WOQ,), was obtained by compression and
the structure maintained at ambient conditions, suggesting
that it could be a promising amorphous host material. Future
luminescent studies based on this amorphous material could
help us to understand the crystal field effect and provide
more information on how to design high-performance optical
materials for nonlinear optics.

The crystal structure of upconversion host material
NaY(WO,), under high pressure has been studied via syn-
chrotron x-ray diffraction at room temperature. At ambient
conditions, NaY(WOQ,), is in the form of scheelite-type tetrag-
onal structure. There is a structural phase transition, starting
near 10 GPa, from the scheelite phase to the M-fergusonite
phase. The M-fergusonite-type monoclinic structure is stable
up to 27.5 GPa, above which the sample undergoes another
structural phase transition. The second phase transition is pro-
posed to be an isostructure transition without symmetry
change, but the unit cells are quite different. The sample

Appl. Phys. Lett. 109, 041907 (2016)

becomes amorphous when pressure returns to ambient condi-
tions, which could be explained by the volume anomaly of
high pressure monoclinic structures. This work provides guid-
ance on tuning the crystal structure of host materials for pho-
ton upconversion by using high pressure technique. This may
inspire the chemical or physical synthesis of high pressure
polymorphs by using direct high pressure synthesis, chemical
doping, and strain engineering, and brighten the future appli-
cations of these kinds of host materials.

The authors acknowledge support from the NSAF
(Grant No. U1530402). F.H. and B.B.Y. acknowledge the
usage of beam time at Beamline 12.2.2 at the Advanced
Light Source in Lawrence Berkeley National Laboratory. All
authors thank Freyja O’Toole for her careful revision of the
manuscript.
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